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Abstract
Highly ordered nanohole arrays of La Sr MnO0.7 0.3 3 manganite have been synthesized using
pulsed laser deposition on nanoporous alumina template. Their structure and phase formation
were characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM),
energy dispersive x-ray spectroscopy (EDX) and x-ray diffraction (XRD). The magnetic
measurements were performed with respect to temperature and ﬁeld and exhibit a ferromagnetic
to paramagnetic transition at 284 K. In addition, the temperature dependence of electrical
resistance was measured at different magnetic ﬁelds and an insulating phase throughout all the
temperatures was observed. The low temperature ferromagnetic insulating state is discussed by
the presence of a canted ferromagnetic state induced by the nanoholes. The present work shows
the feasibility of combining both the nanoporous alumina template and pulsed laser ablation for
the fabrication of perovskite manganite nanohole arrays which can also be extended to fabricate
other multicomponent oxide nanohole materials.
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1. Introduction
Nanostructured materials that offer huge surface to volume
ratio have proved to be potential candidates in the develop-
ment of modern technology and can be found in many
applications such as drug delivery, hyperthermia, fuel cells,
supercapacitors, hydrogen storage systems and magnetic
refrigeration [1–4]. In this context, the synthesis and design of
nanoscale structures have attracted much attention due not
only to their potential applications but also for their size
dependent physical properties. Continuous ﬁlms with nano-
sized voids, called nanohole arrays, are one example of such
interesting nanostructured materials which exhibit enhanced
exchange bias, modiﬁed magnetization reversal, increased
coercivity and the unusual domain wall pinning effect [5–7].
Such nanoholes generate magnetic charges in their vicinity
and create stray ﬁeld that promotes local magnetization
reversal by magnetization rotation. The nanohole arrays are
also potentially important in the sense of enhancing the data
density of magnetic storage media because of their shape
anisotropy along with the intrinsic uniaxial anisotropy [8, 9].
Furthermore, in these structures the superparamagnetic limit
is nonexistent [6].
Such nanohole arrays have been prepared by a wide
variety of methods: self-assembly of sputter-deposited ﬁlms,
focused ion beam deposition, electron-beam lithography and
nano-imprinting [10–13]. In most cases, the pre-patterned
nanoporous alumina (NPA) was widely used as template to
produce such nanohole arrays due to the ability to control the
size of the pores and the fact that the production of the
templates is an easy and versatile process [14]. So far, a
number of investigations were carried out on nanohole arrays
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of single ferromagnets (e.g. permalloys, CoCrPt) and multi-
layered porous materials [5–13]. However, such studies in
multicomponent oxide materials are scarce due to the general
difﬁculty in processing the oxides using the above mentioned
methods.
Here, we report the fabrication of perovskite
La Sr MnO0.7 0.3 3 (LSMO) nanohole arrays by pulsed laser
deposition on an NPA template and investigated their struc-
tural, magnetic and charge transport properties. For the pur-
poses of comparison, a continuous thin ﬁlm of LSMO on a
MgO substrate was also prepared and its charge transport and
magnetic properties were compared with the nanohole arrays.
Perovskite manganites are well known for their very large
magnetoresistance that have made them suitable for spintronic
devices [15, 16]. In particular, Sr doped La Sr MnOx x1 3 with
x=0.3 is a ferromagnetic metal at room temperature
and possesses a very high degree of spin polarization.
Therefore, it is considered a candidate for diverse potential
applications, such as electrodes for solid oxide fuel cells,
hyperthermia, magnetic refrigeration or magnetic recording
media [17–19]. Hence, it is quite interesting to investigate
the effect of surface modiﬁcation on LSMO thin ﬁlms in
order to develop such nanostructured materials for potential
applications.
2. Experimental details
The NPA template was prepared by a standard two step
anodization process using phosphoric acid as an electrolyte as
described elsewhere [20]. In this method, NPA templates
with a thickness of 30 mN and nanopore diameter of 190 nm
were grown. The inter-pore distance was 500 nm. The poly-
crystalline target of LSMO for thin ﬁlm deposition was
prepared by a solid state reaction method. Stoichiometric
amounts of MnO2, La O2 3 and SrCO3 were suspended in
ethanol and mixed in a planetary Retsch PM400 ball mill
for 5 hours at a speed of 180 rpm. The homogenized sus-
pension was dried for 12 h at a temperature of 90 Cn .
The obtained powder was successively pelletized and
annealed several times at increasing temperatures up to
1500 Cn in order to eliminate the carbonates and obtain a
dense pellet.
The ﬁlm deposition on NPA was performed by pulsed
laser ablation, using a KrF excimer laser with M=248 nm
and a pulse duration of 25 ns, at a laser ﬂuence of 2 Jcm 2 on
the target. The laser repetition rate was 3 Hz and the target-to-
substrate distance was 5 cm. Prior to deposition, the substrates
were cleaned in an ultra-sound bath with ethanol. They were
then put in the ablation chamber which was evacuated to a
base pressure of 10 5 mbar. During the deposition the sub-
strate temperature was 700 Cn and the oxygen pressure was
0.8 mbar. To better clean the substrates, they were kept at
700 Cn for 30 min before deposition, for degasiﬁcation. These
preparation conditions allow the preparation of dense,
homogeneous LSMO thin ﬁlms, with low droplet density in a
controlled way [21, 22]. To prevent under-oxidation of the
ﬁlms after deposition they were cooled down to room temp-
erature, at a rate of 7 Cn min−1, under an atmospheric oxygen
pressure. The ﬁnal sample size was 0.79 cm2 .
The morphology of as prepared nanohole arrays was
examined by scanning electron microscopy (SEM) using FEI
Quanta 400FEG. The topographic proﬁles and surface
roughness (Rq) were analyzed using a nanoscope multimode
atomic force microscope from Veeco Instruments. The AFM
proﬁles were analysed using the nanoscope multimode atomic
force microscope software to determine the thickness of
nanohole arrays. The phase purity was veriﬁed using EDX
and XRD. Magnetic behaviors with respect to temperature
and ﬁeld were studied using a commercial SQUID magnet-
ometer. The electrical resistance with respect to temperature
at different magnetic ﬁeld was measured by two probe
method using a closed cycle refrigerator. The electrical con-
tacts were made by Cu wire and silver epoxy. The magnetic
ﬁeld was parallel to the electrical current applied in the plane
of the sample.
Figure 1. SEM micrographs of a prepared NPA template (a) and
LSMO nanohole arrays (b).
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3. Results and discussion
Figure 1(a) shows the top view SEM micrograph of NPA
template prior to thin ﬁlm deposition. From the ﬁgure, it can
be seen well deﬁned regular nanopore arrays with a pore
diameter of about 190 10 nmo and an interpore distance of
500 nm. Figure 1(b) shows the surface SEM micrograph of as
prepared LSMO nanohole arrays deposited on NPA. As seen
from ﬁgure 1(b), the ﬁlm is continuous and uniform for this
thickness. The average diameter of the nanoholes is 160 nm
which is less than the average nanopore diameter due to the
deposition of the ﬁlm around the pores’ perimeters. The cross
section SEM micrographs, which are not shown here, display
that very little LSMO enters the template pores and it is
essentially concentrated at the surface, replicating the tem-
plate. In ﬁgures 2(a) and (b), we present the AFM topography
images of the NPA template and LSMO nanohole arrays,
respectively. The nanohole arrays replicate the NPA template
and the ﬁlm was grown on the surface between the nanopores
of NPA. As seen from the ﬁgure, the six hills on the nano-
pores perimeter are also replicated by the deposited ﬁlm.
Some bright beads can also be seen in the AFM images that
are defects points on the sample, characteristic of NPA tem-
plates. The AAO shows hexagonal domains that are inter-
rupted by defects associated with grain boundaries of the Al
and thereby the thin ﬁlm deposited also exhibit the same
defects.
Figure 2. Surface topography of (a) NPA template (b) LSMO nanohole arrays, (c) top view SEM micrograph of LSMO/MgO ﬁlm and
(d) continuous LSMO/MgO ﬁlm obtained using AFM.
Figure 3. Representative proﬁle height of NPA template and LSMO
nanohole arrays extracted from ﬁgures 2(a) and (b).
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The mean ﬁlm thickness was obtained by the AFM
image section proﬁle analyses by subtracting the proﬁle mean
height of the LSMO nanohole arrays from NPA template
proﬁle mean height. Figure 3 shows such representative AFM
images proﬁles of both samples. The AFM height proﬁle was
obtained by averaging in ﬁve different areas of the AFM
images (ﬁgure 2 with (a) and without (b) ﬁlm) and the mean
thin ﬁlm thickness obtained was of 89 nm. The average sur-
face roughness Rq was extracted from the AFM topography of
the image 5q 5 mN areas and is deﬁned as the root-mean-
square value of the image pixel height which results in a
signiﬁcant Rq of 95 nm for the NPA template (ﬁgure 2(a)).
After the thin ﬁlm deposition, a smoother surface was
obtained, with an Rq of 82 nm (ﬁgure 2(b)), which is in good
agreement with those observed by SEM. Thus, it can be
observed that the hexagonal hill-like surface that characterize
nanoporous alumina templates becomes smoother after thin
ﬁlm deposition.
Figure 4(a) shows the EDX spectra obtained from LSMO
nanohole arrays. The peaks in the spectra can be indexed to
La, Sr, Mn and O which correspond to the LSMO nanohole
arrays. In the spectrum, C and Al peaks can also be seen
which are from carbon glue used to ﬁx the sample and the
NPA template, respectively. The obtained La:Sr:Mn ratio was
0.68:0.32:1 which is in good agreement with the
La Sr MnO0.7 0.3 3 nominal composition. The XRD pattern of as
prepared LSMO nanohole arrays that was recorded at room
temperature is depicted in ﬁgure 4(b). The reﬂection peaks
could be indexed with two kinds of peak associated to a
rhombohedral perovskite structure of LSMO with space
group R3c and Al O2 3H  . Such indexed peaks are consistent
with the reported ones [23]. The absence of any other peaks
conﬁrms the phase purity of the as prepared LSMO nanohole
arrays.
For comparison purposes, we have also prepared a con-
tinuous LSMO thin ﬁlm on a MgO substrate, under the same
conditions and deposition time as the one prepared over the
NPA template. The top view SEM micrograph and AFM
topography of the LSMO/MgO thin ﬁlm are presented in
ﬁgures 2(c) and (d), respectively. The thickness of LSMO/
MgO thin ﬁlm was determined from the cross-sectional SEM
micrograph and the obtained thickness is about 130 nm. The
same is also conﬁrmed from the low angle x-ray reﬂecto-
metry. The surface roughness was estimated from the AFM
topography (ﬁgure 2(d)) which was estimated as 15 nm. The
Rq in the continuous ﬁlm is much lower than in the nanohole
arrays and evidences a better surface smoothness. Since the
nanohole arrays reproduce the underlying hexagonal pattern
of NPA template and replicate the hills that surround the
nanopores, the Rq is much higher compared to the continuous
ﬁlm deposited on MgO substrate. Additionally, the higher
roughness on the nanohole arrays can also explain the dif-
ference in average thickness as compared to the con-
tinuous ﬁlm.
In ﬁgure 5, we show the magnetization measurements of
the LSMO nanohole arrays with ﬁeld applied in-plane (IP)
and out-of-plane (OP) of the arrays. Figure 5(a) exhibits a
temperature dependence of magnetization M T( ( )) curves of
ﬁeld cooled (FC) and zero ﬁeld cooled (ZFC) with the ﬁeld of
500 Oe. From the obtained curves, a ferromagnetic to para-
magnetic transition (TC) at 284 K was observed and such a TC
value is lower than that of a continuous LSMO/MgO thin
ﬁlm (293 K) as displayed in ﬁgure 5(c). The magnetic beha-
vior is different for ﬁelds applied in-plane and out-of-plane to
both of the samples and conﬁrms the anisotropic magnetic
behavior of LSMO nanohole arrays and the LSMO/
MgO ﬁlm.
In addition, we have measured the ﬁeld dependence of
magnetization M H( ( )) with the ﬁeld applied along the in-
plane and out-of-plane of the LSMO nanohole arrays and
LSMO/MgO ﬁlm at 5 K and the results are shown in
ﬁgures 5(b) and (d), respectively. The measurements show
that the samples are ferromagnetic at 5 K and conﬁrm in-plane
anisotropy. In addition, large coercive ﬁelds (HC) of 48 mT
and 127 mT were observed for ﬁelds out-of-plane and in-
plane to the nanohole arrays, respectively, which is much
higher than the observed HC in continuous LSMO/MgO
ﬁlms, which are 29 and 41 mT for ﬁeld applied out-of-plane
and in-plane, respectively. From the measurements, it is
evident that the easy magnetization axis of both samples lies
within the sample plane.
Figure 4. EDX analysis (a) and XRD pattern (b) for LSMO nanohole
arrays.
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In order to study the charge transport mechanism in
nanohole arrays, we have measured the temperature depend-
ence of electrical resistance R T( ( )) at different external ﬁelds
and the obtained results are shown in ﬁgure 6(a). The
resistance increases abruptly by decreasing the temperature
and at below 150 K it tends to stabilize. As seen from the
curves, the sample shows an insulating-like behavior
throughout the whole temperature range. This is related to an
enhanced grain boundary contribution in the nanohole arrays
[24], as conﬁrmed by the higher magnetoresistance at lower
temperatures when compared to the magnetoresistance in the
vicinity of TC. In fact, the change in resistance value near the
magnetic transition is smaller even for the ﬁeld of 0.8 T, as
shown in ﬁgure 6(a). However, the ﬁeld suppresses the
resistance monotonically at a rate of R Hd d 21 Oe 8 at
lower temperatures. This higher reduction of resistance at
lower temperatures T TC conﬁrms that the grain boundary
magnetoresistance dominates over intrinsic colossal magne-
toresistance [25].
In contrast, the continuous LSMO/MgO ﬁlm exhibits a
metal–insulator transition (TMI) at 231 K as determined from
the R(T) measurements shown in ﬁgure 6(b). The TMI is much
lower than the Curie temperature (ﬁgure 5(c)) and hinders the
gradual increase of ferromagnetism and hence the ferromag-
netic metallic state is only attained at TMI. The upturn
observed at lower temperatures (T 80 K ) is associated
with the dominance of the grain bounday contribution. The
resistance of such a grain boundary is considerably higher in
the low temperature region that scatters the charge carriers
and reduces the conductivity [26].
Indeed, the nanosized grains provide a larger surface for
a speciﬁc volume and should enable better intercalation of
Figure 5. Temperature dependence of magnetization for (a) LSMO nanohole arrays and (c) LSMO/MgO continuous ﬁlm. Field dependence
of magnetization for (b) LSMO nanohole arrays and (d) LSMO/MgO ﬁlm.
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charges in nanostructured materials. However, a large number
of grain boundaries occurred in these materials which act as
insulating barrier layers. Previous studies reported that the
electrical conduction in granular ﬁlms takes place by electron
tunneling across the grain boundaries [27]. Such tunneling is
strongly dependent on the alignment of the magnetic
moments of two consecutive grains and extremely sensitive to
an applied magnetic ﬁeld. According to the Jullieres model
[28], the electron transport is higher when the grains are
ferromagnetically coupled and lower for the anti-parallel
orientation. Here, we observed a ferromagnetic insulating
behavior for nanohole arrays and a ferromagnetic metallic
state for continuous LSMO/MgO ﬁlm. This unusual insu-
lating behavior of nanohole arrays can be explained by the
canted ferromagnetic state which is induced by the nanoholes
and restricts the transport behavior. The observed higher
resistance values also provide evidence for the enhanced grain
boundary contribution as mentioned earlier. The resistance is
reduced upon application of an external magnetic ﬁeld
because of the increased alignment of the spins that gives rise
to increased inter-grain transport.
It is well known that the physical properties of nanos-
tructured materials are different when compared with the bulk
one due to their higher surface to volume ratio. In particular,
nanohole arrays exhibit peculiar physical properties because
of the presence of voids in thin ﬁlm which can be seen from
the obtained results in the present work. According to pre-
vious reports, two different magnetic regions can occur in the
nanohole arrays due to the presence of voids [7–9, 29]. One is
the magnetically ordered state between the holes and another
one is the spin misalignment region in the vicinity of the
holes. Such magnetic phase separation reduces TC when
compared to the continuous LSMO/MgO thin ﬁlms. This
reduction in TC is also much lower compared to other LSMO
continuous thin ﬁlms reported with different substrates
[21, 24, 26]. Such reduction in the TC value can also be
explained by the voids which create a magnetic pinning effect
and thereby reduce the domain size as reported earlier
[5, 9, 29]. These voids act as volume defects and limit the
magnetic domain size by conﬁning the domain walls. That
magnetic pinning effect obtained by nanoholes not only
decreases the TC but also enhances the HC values as shown in
ﬁgure 5(b). Compared with the continuous thin ﬁlms depos-
ited on MgO and with other different substrates, the HC
values are signiﬁcantly higher for nanohole arrays [21, 24].
Another noticeable behavior observed in the nanohole
arrays is the ferromagnetic insulating phase at lower temp-
erature which is contrary to the basic transport mechanism of
the Sr-doped lanthanum manganite. In this manganite the
ferromagnetic phase is always accompanied with metallic
state because of the double exchange (DE) pairs of Mn3 and
Mn4. Such a DE mechanism was explained by Zener [30],
where the conductivity is attributed to an electron hopping
from Mn3 to O2 which is accompanied by a simultaneous
hop from the later to Mn4. Since the exchange is carried out
through Mn–O–Mn chain, the Mn–O bond length and Mn–
O–Mn bond angle are considered as important parameters in
manganites. However, the DE is only possible when t2g spins
are aligned in a parallel manner that explains the coexistence
of ferromagnetism and metallic phases. According to
Anderson and Hasegwa [31], the hopping amplitude (t) of the
eg electron from one site to another is a function of relative
spin alignment at the two sites that can be expressed as
t t cos 20 ( )R , where θ is the angle between the neighboring
t2g spins. Thus, the hopping amplitude is maximum when the
spins are aligned parallel (θ=0), and zero for antiparallel
alignment (θ=180◦).
As mentioned earlier, the presence of voids leads to a
spin misalignment state in the vicinity of nanoholes which
could be a result from the signiﬁcant changes in the Mn–O
bond length and Mn–O–Mn bond angle. Such changes will
modify the spin ordering in the MnO2 plane which is an
important channel for charge transport [32]. According to
these changes, the MnO6 octahedra can be tilted and this leads
to a canted spin state. In our case, the tilted MnO6 octahedra
do not participate effectively in DE due to their canted spin
conﬁguration ( 0R v ). Thus, we have observed a canted fer-
romagnetic insulating (CFI) phase induced by the voids
which restricts and suppresses the ferromagnetic DE inter-
action. Such a canted ferromagnetic state in perovskite
manganites has already been studied theoretically and
Figure 6. Temperature dependence of resistance for (a) LSMO
nanohole arrays and (b) LSMO/MgO ﬁlm at different ﬁelds.
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experimentally by several researchers [33, 34]. Previous
reports suggest that such a canted ferromagnetic state may
evolve from an antiferromagnetic state [35]. However, our
experimental results reported here do not support the exis-
tence of antiferromagnetic order which can be evidenced from
the M T( ) and M H( ) curves measured for LSMO nanohole
arrays. In consequence, the LSMO nanohole arrays exhibit a
canted ferromagnetic insulating phase at low temperatures
and a paramagnetic insulating state above TC.
The magnetic phase separation is a prominent behavior
of perovskite manganites which is characterized by multiple
phases of different magnetic properties that can coexist within
a single and chemically pure phase. Such phase separation is
an important phenomenon for the applications of manganites
in functional devices which can be induced by internal
pressure by changing the dopant and the doping concentra-
tion, as well by external pressure such as hydrostatic pressure
[36, 37]. However, the phase separation in LSMO nanohole
arrays is obtained by introducing the artiﬁcial defects and
such spin states engineering can be used to improve the
functional properties of perovskite materials.
4. Conclusion
In summary, we have shown that the multicomponent oxide
nanohole arrays can be synthesized by template assisted
pulsed laser ablation method by performing the fabrication of
LSMO nanohole arrays. The structural studies by SEM,
AFM, EDS and XRD show well ordered and periodic arrays
of nanoholes with single phase La Sr MnO0.7 0.3 3. The magnetic
and electrical resistance measurements hinted a canted fer-
romagnetic insulating phase at lower temperature and suggest
a magnetic phase separation between ferromagnetic and
canted ferromagnetic states. In addition, the presence of voids
was found to be reducing the ferromagnetic exchange inter-
action resulting in an insulating phase. Moreover, the
increased HC compared to continuous LSMO/MgO ﬁlm
indicates an enhancement of magnetic pinning effect in the
vicinity of nanoholes. As a consequence, the reported fabri-
cation process obviates the need for high cost lithography and
sputtering to produce such multicomponent oxide nanohole
arrays and open new pathways for the growth of more mul-
ticomponent oxide nanostructures on NPA template to
investigate their suitability for spin-based devices.
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